Abstract: Four complexes with the formula of [M5(DATr)12~14(H2O)6](ClO4)10 (M = Mn (1), Co (2), Ni (3), Zn (4)) about their synthesis, structures and some energetic properties (such as sensitivities tests) have been described, where the DATr here denotes 3,4-diamino-1,2,4-triazole. These four compounds are all light metallic complexes with good thermal stability. The structures of 2-4 were determined by single-crystal X-ray diffraction, and the crystal structures mainly consist of penta-nuclear units. All the structures have a common interesting property in which DATr plays a role of bi-dentate ligand. Besides, it is observed from the crystal structure of 4 that DATr can be also act as a mono-dentate ligand. Thermodynamic studies of their decomposition properties and kinetic parameters show that the four complexes have high thermal stabilities. Furthermore, tests of their impact and friction sensitivities show that complexes (2) and (3) can be potential candidates as primary explosives to replace toxic lead azide.
Introduction
It is of key importance for new energetic materials (EMs) that they have both fine performance and high security [1] . Recently, research has focused on EMs with the properties of light metallic, mechanical and thermal-dynamic stabilities, replacing environmentally harmful and unstable explosives like above. So these compounds have attracted more and more research funding to study this kind of novel EMs [2] , especially concentrating on complexes with nitrogen-rich heterocyclic ligands [3] , because these ligands have the characters of both high nitrogen content and positive heats of formation. 1,2,4-triazole and its derivates are a kind of nitrogen-rich heterocyclic ligand with fascinating explosive properties [4] , due to their diverse coordination modes capable of creating various energetic complexes, such as metal-organic framework compounds (MOF) [5] .
Currently, many ligands of 1,2,4-triazole modified with amino group(s) have been studied, such as 4-amino-1,2,4-triazole, 3-hydrazino-4-amino-1,2,4-triazole and 3,5-diamino-1,2,4-triazole (Figure 1 ). These ligands show quite novel structural appearances. For example, the ligand of 4-amino-1,2,4-triazole can be not only a mono-dentate ligand (through N1 atom of triazole) [4d, 4e, 6] but also a bi-dentate ligand (through both N1 and N2 atoms of triazole) [4c] . As for 3-hydrazino-4-amino-1,2,4-triazole and 3,5-diamino-1,2,4-triazole, which play roles as tri-dentate [7] , bi-dentate ligands [4a, 4f, 8] in the complexes, respectively. 3,4-diamino-1,2,4-triazole (DATr) is a kind of 1,2,4-triazole derivative including two amino groups. Depending on different coordination sites on the triazole ring, DATr can be a mono/bi-dentate ligand. What's more, because of the π-system and the −NH 2 groups, DATr is able to form wide-ranging hydrogen bonds which will contribute to increasing the stability and safety of complexes. However, complexes with DATr as ligands have seldom been reported [9] . We have previously made some contribution to this research.
In our previous work, some energetic complexes based on DATr (as bi-dentate ligands) were synthesized through the reaction of DATr and the corresponding metal nitrates [10] . In order to continue to study its bi-dentate and energetic characters, we presently report four transition metallic complexes of [M 5 (DATr) 12~14 (H 2 O) 6 ](ClO 4 ) 10 (M = Mn (1), Co (2), Ni (3), Zn (4)) including their preparation, crystal structures, thermal decomposition and energetic properties.
Experimental Section

Materials and general methods
Caution:
The four complexes are potential energetic materials. So we take some protective measures including face shields, leather coat, safety glasses and ear plugs.
All the reagents and starting materials were of analytically pure grades from commercial sources. The 3,4-diamino-1,2,4-triazole (DATr) ligand was prepared according to a published method [11] .
Elemental analysis was performed with a Flash EA 1112 full automatic trace element analyzer. The FT-IR spectra were recorded with a Bruker Equinox 55 infrared spectrometer (KBr pellets) in the range of 4000-400 cm −1 with a resolution of 4 cm −1
. DSC measurements were carried out with a Pyris-1 differential scanning calorimeter in a dry nitrogen gas atmosphere with a flow rate of 20 mL·min 
Syntheses
30 mmol LiOH was added to a solution of DATr·HCl (30 mmol) in water (30 mL) so as to adjust the acid environment of the DATr solution. Then the solution of M(ClO 4 ) 2 (M = Mn, Co, Ni and Zn) (10 mmol) in water (10 mL) was added slowly to the mixed solution and was vigorously stirred for 0.5 h at a temperature of 60 °C. Finally the suspension was cooled. The precipitate was filtered off and dried in vacuum.
[Mn 5 (DATr) 12 X-ray data collection and structure refinement: The data collection was performed with a Rigaku AFC-10/Saturn 724+CCD detector diffractometer with graphite mono-chromated Mo-Kα radiation (λ = 0.71073 Å) at 293 (2) K with multi-scan modes. The structures were solved by direct methods using SHELXS-97 (Sheldrick, 1990) [12] and refined by full-matrix least-squares methods on F2 with SHELXL-97 program [13] . All non-hydrogen atoms were obtained from the difference Fourier map and refined anisotropically. The hydrogen atoms were generated geometrically and treated by a constrained refinement. The CIF files were checked using the checkCIF website.
Crystallographic data (excluding structure factors) for the structures in this paper have been deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the depository number CCDC-1004035 for 2, CCDC-1004036 for 3 and CCDC-1004037 for 4 (Fax: +44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)
Results and Discussion
Theoretical research
In order to study the electronic structures and energetic properties of DATr, all calculations were performed using the Gaussian 03 program [14] . The theoretical calculations of DATr were studied using hybrid DFT theory of B3LYP with the basis of 6-311+G**. The optimized structure of DATr is shown in Figure 2 . Based on the optimized structure of DATr, we applied the Multiwfn program to analyse its electrostatic potential surface to further understand its potential coordination sites [15] . This is depicted in Figure 3 . Red points and blue points denote maximal values and minimal values of electrostatic potential, respectively. It can be seen from Figure 3 that there are four maximal value points and four minimal value points due to the electrostatic interactions. Because of the higher electro-negativity of N atoms compared to H atoms, positive electrostatic potentials are distributed near H atoms while negative electrostatic distributions exist around N atoms. Note that the values of electrostatic potential around N1 and N2 atoms of the triazole ring were minimum (−50.73 kcal·mol −1 and −50.74 kcal·mol −1 , respectively), suggesting that N1 and N2 atoms in the DATr molecule are likely to coordinate with metal atoms. Therefore, it can be concluded that the two nitrogen atoms (N1 and N2) of the triazole ring are potential coordination sites, which is consistent with the coordination modes in the crystal structures of complexes 2-4.
Crystal structures
The single crystals of complexes 2-4 were obtained and determined by singlecrystal X-ray diffraction. Crystallographic data is described in Table 1 , and selected bond lengths and angles are listed in Table 2 and Table 3 , respectively. All three crystal structures mainly consist of penta-nuclear units (shown in Figure 4 for complex 2, Figure 6 for complex 3 and Figure 8 for complex 4, respectively). The penta-nuclear units of the three complexes are centrosymmetric with the inversion center being located at the middle M(1) atom (M = Co, Ni, Zn). DATr ligands in the three crystal structures mainly bridge a pair of adjacent metal atoms via the N1 and N2 atoms of triazole rings, and the ligands of the three complexes behave similarly. The X-ray diffraction analysis shows that complex 2 involves five metal cobalt cations, twelve DATr molecules, six water molecules and ten perchlorate anions. Although all the cobalt centers are six-fold coordinated, there are some differences in the coordination environments (see Figure 5 ). The middle three cobalt atoms are connected to six nitrogen atoms of different DATr molecules, while the two-terminal cobalt atoms are surrounded by three nitrogen atoms of three DATr ligands and three oxygen atoms in different water molecules. 2.118(7) Ni(1)-N(1) 2.102(11) Zn(1)-N(27) 2.120(7) Co(1)-N(1)#1 2.118(7) Ni(1)-N(1)#1 2.102(11) Zn(1)-N(27)#1 2.120(7)
2.249(9) Co(3)-N (7) 2.084(9) Ni(3)-N(7) 2.048 (13) 175.9(3)°) .
The crystal structure of complex 3 is similar to that of complex 2, which contains five nickel cations, and the other moieties are the same with complex cobalt (see Figure 7) . The molecular structure of complex 4 is slightly different to those of complexes 2 and 3, being composed of five central zinc atoms, fourteen DATr ligands, four water molecules (two lattice molecules and two coordinated molecules) and ten perchlorate anions. The metal atoms have different coordination situations (see Figure 9 ), including coordination numbers and coordination sites. The three middle zinc atoms are six-fold-coordinated (the same as for complexes 2 and 3), but two terminal central atoms are penta-coordinated. The separate penta-nuclear molecules of the three complexes are aligned into 3D supra-molecular network structures through large amounts of hydrogenbonding interactions including intra-molecular and intermolecular. Detailed hydrogen bonds of complexes 2-4 are listed in Table 4 . In complex 2, intramolecular hydrogen bonds occur between the oxygen atoms of the perchlorate anions and nitrogen atoms of the amino groups and triazole rings. What's more, perchlorate anions mainly form intermolecular H-bonding interactions to link two adjacent penta-nuclear units. In complex 3, hydrogen bonds between coordinated water molecules, amino groups and perchlorate anions are observed, but the chlorine atoms of the perchlorate anions are not found as acceptors in hydrogen bonds. The connecting mode of two neighboring five-nuclear units in complex 3 through intermolecular H-bonding interaction is similar to that of complex 2. In complex 4, because it contains lattice water molecules, hydrogen-bonding interactions are rather more complicated compared to the other coordination compounds. The intra-molecular hydrogen bonds appear among crystal water molecules, perchlorate anions, amino groups and triazole rings. Furthermore, apart from perchlorate anions, the amino groups of DATr ligands in the contiguous penta-nuclear units also participate in inter-molecular hydrogen-bonding interactions.
Thermal Stabilities
The thermal decomposition behavior of the complexes has been investigated using differential scanning calorimetry (DSC). The DSC curves of the four complexes for a heating rate of 5 ºC·min −1 are shown in Figure 8 . Endothermic peaks of most of the title coordination compounds are not observed in the DSC plots except for complex 3. The decomposition temperatures of complexes 1-4 are above 300 °C based on their onset DSC peaks. The thermal stabilities of the four complexes are higher than the criterion of 200 °C for "green" metal energetic materials [17] . Therefore, these metal complexes with the DATr ligand are sufficiently thermally stable to be energetic materials. The decomposition process of complex 1 occurs in the temperature range of 289.2-382.3 °C with one main exothermic peak. For complex 2, an exothermic stage is seen with a sharp peak temperature at 305.8 °C. It is observed from the DSC curve of complex 3 that a wide exothermic process appears at temperatures between 269.7 °C and 390.8 °C. For complex 4, a small endothermic process is found at 293.5-314.3 °C which can indicate a phase transition, and there is an exothermic stage in the range of 320.1-370.2 °C, with peak temperature at 337.4 °C. Their thermal stabilities increase in the sequence of compounds: 2<1<4<3. In general, energy of combustion is a significant parameter to assess the energetic properties of new complexes. The energies of combustion of the four complexes are surveyed in Table 5 . Constant volume energies of combustion (Q v ) were measured by oxygen bomb calorimetry in an oxygen atmosphere. The other physicochemical properties of the title complexes are also listed in Table 5 . The nitrogen contents of all the coordination compounds are over 30% by weight. Furthermore, these complexes can release a large amount of heat in the combustion process. In the research presented in this paper, Kissinger's methods [18] and Ozawa's methods [19] were used to determine the Arrhenius equation for a given material. 
T p is the temperature (°C) at which the first exothermic peak occurs in the DSC curve; A is the pre-exponential factor [s ]; and G(α) is the reaction-mechanism function. Based on the first exothermic peaks measured with four different heating rates of 5, 10, 15 and 20 °C·min −1 , Kissinger's and Ozawa's methods were applied to investigate the kinetic parameters of the title complexes. From these data, the apparent activation energies E K and E O (E is the average value of E K and E O ), pre-exponential factor A K , linear correlation coefficients R K and R O were determined and are listed in Table 6 . 
The above equations can be used to estimate the rate constants of the initial thermal decomposition process of the four complexes. The activation energy of the nickel complex is larger than that of the other complexes.
Sensitivities
In order to evaluate the possibility of using the four compounds as energetic materials, the impact and friction sensitivities for the initial safety testing were measured according to BAM methods [20] with the "BAM Fallhammer" and "BAM friction tester". The results are summarized in Table 7 . In general, the perchlorate complexes were more sensitive to external stimuli than the corresponding nitrates [1c, 21]. Complex 2 is very sensitive towards impact and complex 3 also shows high sensitivity. However, complexes 1 and 4 are both insensitive to impact. Complex 2 was found to be more impact sensitive than lead azide while complex 3 is similar to lead azide [22] . According to the UN Recommendations on the Transport of Dangerous Goods [23] , complexes 2, 3 are classified as very sensitive towards impact but complexes 1, 4 are classified as insensitive towards impact. In addition, complexes 1, 2 and 4 are sensitive to friction, and complex 3 is very sensitive towards friction. However, the four complexes aren't more sensitive against friction than that of lead azide [3g]. On the whole, it is found for safety sensitivities that complex 2 is the most sensitive towards external stimuli of the four complexes but complex 4 is relatively insensitive.
Conclusions
3,4-diamino-1,2,4-triazole was coordinated with several transition metal (M = Mn, Co, Ni, Zn) perchlorates to form energetic complexes. All the complexes were characterized by elemental analysis, infrared spectroscopy and differential scanning calorimetry. Single-crystal structures of complexes 2-4 were obtained. All three crystal structures mainly consist of penta-nuclear units, and developed 3D supra-molecular network constructions through extensive hydrogen-bond interactions. DSC results suggest that all four complexes have good thermal stabilities (decompose above 300 °C) and the Co complex has the highest decomposition temperature. Non-isothermal kinetic analysis indicates that the Arrhenius equations of complexes 1-4 can be expressed as follows: lnk = 6.09 − 101.65 × 10 3 /(RT) (for 1), lnk = 7.50 − 112.80 × 10 3 /(RT) (for complex 2), lnk = 12.99 − 183.00 × 10 3 /(RT) (for complex 3) and lnk = 12.66 − 175.90 × 10 3 /(RT) (for complex 4). Furthermore, the combustion performance and other energetic properties were also studied. All complexes containing energetic counterions show different sensitivities towards mechanical stimulations. More importantly, the cobalt and nickel complexes are extremely sensitive towards impact stimulation, which are similar to that of lead azide, whereas complexes 1, 4 are insensitive against impact. Besides, most of the title compounds are sensitive to friction and the nickel complex is very sensitive towards friction. However, it is found that all the coordination compounds are less sensitive towards friction than lead azide. Therefore, in conclusion complexes 2 and 3 are potential primary explosives with high thermal stabilities (complex 2 decomposes at 328.6 °C and complex 3 decomposes at 361.9 °C) to replace toxic lead azide (which decomposes at 315 °C).
